ABSTRACT A stellar wind model for a magnetic rotating star is presented. We use the semianalytic wind compression model that predicts the two-dimensional geometry of outÑows from rotating stars and consider the addition of a magnetic Ðeld. In the limit of weak magnetic Ðelds, in such a way that the Ðelds are unimportant in accelerating the Ñow, the wind compression model can be used to predict the magnetic Ðeld distribution throughout the wind, which is shown to follow the mass Ñux distribution. A compression of Ðeld lines near the equator results as the Ñow of material from higher latitudes brings magnetic Ñux toward that region. As examples, wind compression models with magnetic Ðelds ("" WCField ÏÏ models) are computed for both a Wolf-Rayet star and a red supergiant star. In both cases an order of magnitude enhancement of the equatorial magnetic Ðeld can result within a few stellar radii for stellar rotation rates around 20% of critical. Such enhancements could have consequences for explaining (1) nonthermal emission observed from some Wolf-Rayet winds and (2) the ring structures observed in the ejecta of SN 1987a.
INTRODUCTION
Magnetic Ðelds are important for stellar evolution and for understanding a wide variety of observational behavior of certain stars. The observed and theoretical connections between magnetic Ðelds and stellar rotation plus the overall importance of magnetic Ðelds in stellar astrophysics have led us to examine the consequences of wind compression e †ects for magnetic stellar winds. (wc5) & Cassinelli hereafter introduced Bjorkman (1993 ; BC) an analytic approximation for the calculation of the twodimensional axisymmetric wind structure from a rotating star. Assuming that the wind-driving force is a central force, they found that Ñuid elements injected into the supersonic wind will orbit toward the equator, leading to an equatorially enhanced density. This equatorward Ñow in rotating winds is a consequence of angular momentum conservation. They found that for a wind that is strongly radially driven, there is little opportunity for the transport of wind material toward the equator. In contrast, for a wind that has a low terminal speed or that accelerates slowly to terminal speed, Ñuid elements will attempt to cross the equatorial plane, resulting in a shock-bounded equatorial disk with a large equator to pole density contrast of order 102 to 103. investigated the wind distortion arising from stellar BC rotation in the winds of O stars and B stars that are primarily line-driven. The O stars have strong winds with terminal speeds of about 2000 km s~1. Except for stars that rotate close to the critical rate, the winds of single O stars are expected to be predominantly spherical. In contrast, the B stars have winds with considerably lower terminal speeds of about 900 km s~1.
found that disk formation can BC occur for stellar rotations of about 50% critical, which is relevant to the Be stars that have dense equatorial disks and relatively large v sin i values. In this context, the wind model of has been labeled the "" wind compressed disk ÏÏ BC (WCD) model. Soon after the WCD model was Ðrst proposed, the basic features of the model were conÐrmed with numerical hydrodynamic simulations by Cranmer, Owocki, & Blondin (1994) .
In addition to Be stars, the winds from other stellar types may also be a †ected by equatorial wind compression. Although the wind compression model of was originally BC developed in the context of line-driven winds, the expressions governing the wind Ñow are kinematical and do not require the wind to be line-driven.
Cassinelli, & Ignace, Bjorkman hereafter adopted the kinematical (1996 ; ICB) approach to investigate the sensitivity of the equatorial compression to the steepness (shallowness) of the wind velocity law.
found that the wind distortion became ICB more sensitive to stellar rotation as the velocity gradient at the base of the wind was made smaller. When this occurs, the radial speed near the base of the wind remains small throughout an increasingly extended region, where the e †ects of rotation are greatest, so the wind compression at a Ðxed rotation speed tends to be intensiÐed. The slope of the velocity law can be dominant in determining the equatorial compression, to the extent that signiÐcant equator-to-pole density contrasts can result at moderate to low stellar rotation rates of only 20% of critical.
elected to call wind ICB models with signiÐcant wind density contrasts but no disk formation "" wind compressed zone ÏÏ (WCZ) models.
The results of the wc model have been applied in a variety of interacting wind scenarios to explain the occurrence of aspherical nebulae that are commonly observed among certain classes of stars, such as the planetary nebulae ( The magnetic Ðelds are believed to play a 1987). role in the collimation of the jets and in facilitating accretion from the circumstellar disk to the protostar itself (Shu et al. 1994) .
Evidence for interesting magnetic e †ects in circumstellar environments has motivated us to investigate magnetic Ðelds in the context of wc models. In particular, Garc• ahas considered three-dimensional, MHDSegura (1997b) interacting wind simulations based on wc theory plus a crude approximation for the toroidal magnetic Ðeld that might be present in the outÑow. He Ðnds that magnetic collimation leads to the appearance of jets and ansae in his planetary nebulae models that are consistent with observations (conÐrmation of predictions made by & Ro z5 yczka Franco based on two-dimensional models). Garc• a-1996 Segura notes that the gross properties of his results are relatively insensitive to his choice of the toroidal Ðeld parametrization ; however, we will show that the equatorial magnetic Ðeld can be enhanced above what he assumed, which will naturally have quantitative, if not qualitative, consequences.
Note that previous considerations of magnetic winds have often drawn on the seminal work of & Davis Weber for a thermally driven and magnetic equatorial Ñow. (1967) Their model was applied to the Sun and was able to explain the rather slow solar rotation. The one-dimensional Weber & Davis model was expanded by to twoSakurai (1985) dimensional axisymmetric winds. The only detailed example discussed by Sakurai was a solar type Ñow, for which the equatorial Ñow was found to be fast and the polar Ñow to be slow and more dense ; however, those results are in opposition to what is typically inferred for axisymmetric mass loss in protoÈplanetary nebulae, Be and B[e] stars, and luminous blue variables, whereas the wc model naturally explains equatorial density enhancements as arising from rotation and suggests similar enhancements for the magnetic Ðelds, as will be shown.
A major assumption of the wc model is that the winddriving force is radial. Recently, Cranmer, & Owocki, Gayley hereafter have investigated this basic (1996 ; OCG) assumption in the case of hot star winds. The radiation force that drives the wind has nonradial components arising from three e †ects : (1) The absorption of stellar photons is direction-dependent, owing to the asymmetric velocity gradients of a rotating wind, in such a way as to produce a retarding azimuthal torque that reduces the rotation of the wind. (2) Similarly, the absorption asymmetry also produces a latitudinal component of the force directed away from the equator. (3) A rapidly rotating star is oblate and gravitydarkened. Although the pole is brighter than the equator, the increased solid angle subtended by the equator causes the net radiative Ñux vector to be directed away from the equator. All three of these e †ects produce a nonradial component of the force that reduces the amount of wind compression. Although these nonradial forces are much less than the radial component of the radiation force, the equatorward drift of wind material is likewise considerably smaller than the wind terminal speed. Consequently, OCG Ðnd that the nonradial forces produced by these three e †ects can inhibit the formation of a WCD in a line-driven wind.
use Abbott (1982) . OCGÏs tion, they assume that the parameters (k, a, and d) are CAK constant throughout the wind and that the force is produced by unattenuated stellar radiation. However, an optically thick equatorial disk redirects the photoionizing radiation away from the equatorial regions producing lower ionization states. There is also observational evidence for latitudinal ionization gradients in the winds of rapidly rotating hot stars et al. This position dependence of (Bjorkman 1994) . the ionization balance implies that the force param-CAK eters are not constant throughout the wind, as assumed by Changes in the driving forces will change the struc-OCG. ture of the wind, which in turn changes the magnitudes of the nonradial forces. There are also several additional sources of nonradial forces that were not included by OCG. For example, the line force was calculated using stellar continuum radiation. Owing to the stellar rotation and associated Doppler shifts, photospheric line structure will produce nonradial forces. Clumping in the wind will also change the direction and magnitudes of the radiation forces, because the Sobolev approximation (which was used for the line-driving force) would not apply to the clumps. If CAK any of these additional e †ects reverse the direction of the nonradial forces or decrease the outward acceleration, then the wind compression will be enhanced instead of inhibited by nonradial forces. Furthermore concerns only OCGÏs apply to line-driven winds. To the extent that other CAK mechanisms can drive stellar winds (e.g., dust driving), our kinematical wind compression models still apply as long as the forces in these models do not have large nonradial components. Therefore, given wc models as an example of axisymmetric rotating winds, we investigate the e †ects of the Ñow on the magnetic Ðeld structure.
The paper is structured as follows : begins with a°2 review of the wind compression theory and ends with the development of a rotationally compressed and magnetized wind Ñow. Applications of this new magnetic wind model are presented in with results given for W-R stars and red°3, supergiant (RSG) stars as examples. A brief summary and discussion is given in°4.
A MAGNETIC WIND COMPRESSION MODEL

A Review of the W ind Compression Model
Only the basic expressions and results of the wc model are described here ; a more detailed description of the wc e †ects can be found in and Before overviewing its BC ICB. derivation, the fundamental result of the WCD model is that disk formation becomes more likely if (1) the star is rotating more rapidly or (2) the wind acceleration is small, in which case disk formation can occur at rotation rates that are slow relative to break-up. With regard to point 2, the radial acceleration of a steady-state wind is v r (dv r /dr), and it follows that the wind acceleration will be small if either the wind terminal speed or the velocity gradient v = of the wind is small. dv r /dr The crucial assumptions of the wc model are (1) winddriving forces are radial and (2) the subsonic Ñow is ignored. For a supersonic rotating wind driven by central forces, the motion of a Ñuid element injected into the wind at the sonic surface is conÐned to an orbital plane that is inclined to the equatorial plane. Angular momentum conservation allows for the calculation of the streamline locations in the orbital plane as a function of radius r and initial colatitude The h 0 . derivation of streamline trajectories requires a known wind velocity distribution. The manner in which the streamlines converge (at low latitudes) or diverge (at high latitudes) determines the wind density. Here we reproduce the necessary expressions to determine the streamline locations and the properties of the wind Ñow from a rotating star.
The streamline trajectory of a Ñuid element in the orbital plane is given by /@(r, where the coordinates (r, /@) are h 0 ), standard polar coordinates. The di †erential equation for the trajectory is given by where
(Note that primes are not attached to r or because these quantities are the same in the coordinates v r , of both the orbital plane and the stellar system. The same is not true of either /@ or which have both h and / comv Õ @ , ponents in the stellar system.)
The azimuthal velocity in the orbital plane is derived from the condition of angular momentum conservation, with the result being that
where is the rotation speed at the surface of a star with v rot radius For the radial component of the wind velocity, R * . we follow in using the b-velocity law ICB
where is the isothermal sound speed, which for simplicity v s is assumed to occur at the stellar radius and is the R * , v = terminal speed of the wind. The exponent b determines the shape of the radial velocity distribution, with larger b-values producing shallower velocity laws. The terminal speed is a function of through the relation h 0
Here is the escape speed, and
is the stellar rotation rate, being a ratio of the u(\v rot /v crit ) rotation speed to the critical speed of break-up. The parameter f sets the scale of the polar terminal speed in terms of
shows typical values of the velocity parameters v esc . Table 1 for several classes of stars.
With the known velocity distributions, and we use v Õ @ v r , the structure of the wc Ñow as derived in Appendix A of The streamline trajectory is ICB. 
. Knowledge of the streamline locations provides the wind density and velocity structure of the Ñow. The wind density follows from the equation of mass continuity, $ AE (o¿) \ 0.
showed that the density is BC
where k \ cos h, and is the wind comk 0 \ cos h 0 , dk/dk 0 pression factor. Spherical trigonometry is employed to relate k and giving the following coordinate transformk 0 , ation :
relates the orbital plane coordinates for the Equation (6) trajectory of a streamline to those of the stellar coordinate system. Di †erentiating this expression yields the wind compression factor,
The derivative appearing in the second term of equation is a function of both r and (see Appendix B of (7) h 0 ICB). For simplicity we choose the mass loss rate to be spher-M 0 0 ically symmetric at the stellar surface, but other angular mass loss distributions could easily be incorporated in the model.
The wind velocity structure is derived from the tangency of the Ñow vector velocity Ðeld to the known streamline trajectories. In the coordinates of the orbital plane, the wind velocity has only radial and azimuthal components ; however, in the stellar coordinate system, all three components of the wind velocity exist, with
BC derived the components of the velocity in the nonrotating stellar reference frame. The azimuthal component is given by
and the latitudinal component is
Note that h, or alternatively k, is described by equation (6), hence h \ h(r, h 0 ). Combining the three velocity components, the magnitude of the velocity vector, can be expressed as
will prove useful in understanding the Expression (10) results of the magnetic wind model that are described in the following section. Note that near the base of the wind, where the velocity will typically be dominated by r \ R * , as long as and is not too near zero ; in con-
near the pole. At large radii, the velocity ¿ B v s rü becomes because both and tend toward
"" W CFields : ÏÏ W ind Compression with Magnetic Fields
Rather than consider wind models with strong magnetic Ðelds that would require numerical MHD simulations, we choose to model the weak Ðeld limit. As discussed in when the Ðeld in magnetic rotator theory Cassinelli (1991) , is weak, the velocity structure is determined by the nonmagnetic wind-driving forces and the Ðeld itself is drawn out by the Ñow. Although we are now dealing with a threedimensional model instead of just the one-dimensional equatorial solution of classical magnetic rotator theory, the same idea is employed to derive the magnetic topology from the conditions that the Ðeld is rooted on the star and is governed by the Ñow. From magnetic rotator theory, it is known that the speciÐc energy per unit mass carried to inÐnity by a magnetized wind is 
where is the radial magnetic Ðeld strength at the stellar B r,* surface. In the subsonic expansion the density of material experiences an approximately exponential decrease. By mass conservation, the radial velocity must have a corresponding exponential growth through this region. Combined with the assumption of a frozen-in Ðeld (i.e., a nearly inÐnite magnetic conductivity), any azimuthal or latitudinal magnetic Ðeld components should decrease exponentially in the subsonic expansion, whereas the radial magnetic Ðeld will decrease only as r~2. Assuming that the subsonic zone is relatively narrow in radial extent (i.e., compared to R * ), we approximate the sonic surface as being at and set the R * total surface magnetic Ðeld as at those points. B * B B r,* Now the second term of which involves equation (11), v M , is important, because it relates to the Poynting Ñux energy that is carried to inÐnity by the wind. Magnetic e †ects are therefore considered negligible for accelerating the wind when the Poynting Ñux contribution to the energy equation is small. This condition requires that Using v M > 0.8v = . the weak Ðeld limit implies that equation (12),
where is in gauss and the numeral subscripts indicate B * powers of ten normalizations, with in yr~1, and
, and in Of course, and
are derived from considerations of equation (13), the one-dimensional equatorial case. However, if the star rotates as a solid body, will decrease with higher lativ rot tudes, indicating that if condition (13) is satisÐed at the equator, it will be satisÐed at all latitudes, assuming that B * does not increase toward the pole more rapidly than sin decreases. v rot h 0 Assuming that for the weak Ðeld limit is equation (13) satisÐed, we next consider the magnetic Ðeld distribution throughout the wind Ñow. The WCZ model predicts the streamline trajectories of Ñuid elements in the wind of a rotating star. We have argued that in the weak Ðeld limit, the presence of magnetic Ðelds will not alter the wind structure ; hence the streamline locations of the WCZ model remain unchanged. However, the fact that the magnetic Ðelds are assumed to be hydrodynamically dominated does not mean that the Ðeld lines are colinear with the Ñow streamlines of the nonmagnetic case. Assuming a frozen-in Ðeld, the Ðeld lines that are rooted in the stellar envelope at the base of the wind will follow what are commonly called "" streaklines ÏÏ (Currie 1974).
As illustrated in a streakline is the locus of Figure 1 , elements of matter that are released sequentially from the same point on the star, whereas a streamline is the track followed by a single element of matter. For example, in magnetic rotator models, the di †erence between streamlines and streaklines is often explained using the analogy of a rotating phonograph record. The Ñow of a single element of matter is like the nearly radial outward track of the needle, while the streaklines that determine the magnetic Ðeld direction are like the grooves in the record. Just as the grooves are solidly Ðxed in the record, so is the pattern of the magnetic Ðeld distribution Ðxed in the Ñow ; there can be FIG. 1.ÈContrast of streamlines and streaklines in rotating stellar winds. The solid line shows a streamline trajectory in the equatorial plane of a Ñuid element that is injected into the wind from a rotating star. The direction of stellar rotation is counterclockwise, hence the streamline deviates from a radial trajectory (dashed line) by an angle of /. The streamline tracks the motion of an individual Ñuid element. In contrast, the streakline (dotted line) follows the motions of Ñuid elements that are sequentially released from a given point on the rotating star ; thus the streakline is seen to wrap around the star in the clockwise direction. Whereas the outÑow velocity Ðeld in the nonrotating frame is tangent to the streamlines, a weak magnetic Ðeld that is carried along in the Ñow will be tangent to the streaklines. Consequently, at large radii the magnetic Ðeld becomes predominantly toroidal in the direction opposite to the stellar rotation.
no crossing of the Ðeld lines. This Ðxed magnetic Ðeld pattern is a consequence of making the assumption of a frozen-in Ðeld.
Let us consider how to determine the three-dimensional Ðeld distribution in the wind. In a corotating frame of reference, the streaklines that determine the magnetic Ðeld geometry are identical to the streamlines, thus B P V at every point in the Ñow, where is the Ñow V \ (V r , V h , V Õ ) velocity Ðeld in the rotating frame. The velocity components in the radial and latitudinal directions are just V r \ and
The component of velocity in the azimuthal
where ) is the angular rotation speed of the star and h is the colatitude. It is straightforward to Ðnd the streaklines that determine the magnetic geometry once the velocity of the V Õ rotating frame is known, which comes directly from the WCZ model using the expressions in°2.1.
To obtain the equation relating the vector magnetic Ðeld and the vector Ñow velocity, we make use of the continuity equation and the conservation of magnetic Ðeld Ñux. Consider a Ñow tube of variable cross-sectional area dA, with dA a vector in the direction of the outward unit normal. In this Ñow tube, the conservation of mass takes the form
In the corotating frame, the
velocity V is tangent to the streamline and therefore parallel to dA. Magnetic Ñux freezing applies the additional constraint that constant. For a magnetic Ðeld that is radial ' B at the lower boundary, B is initially parallel to dA and by the conservation of magnetic Ñux must remain so throughout the Ñow. It may be concluded then that V and B are parallel vectors.
To relate the magnetic Ðeld to the Ñow velocity, we deÐne the parameter which is known at the base of the a \ F M /' B , Ñux tube, taken as the sonic surface with Then r \ R * .
By direct substitution for and
Since V and B are parallel to dA, the solution requires
where and were substituted for a. This result, derived F M ' B more generally by shows that o B o is proMestel (1968), portional to the mass Ñux o o V o, so the magnetic Ðeld also has an equatorial ampliÐcation.
Substituting the density of and evaluating equation (5) and we Ðnd
Note that the wind compression factor at the dk/dk 0 ¹ 1 equator, thus accounting for the enhancement of the equatorial magnetic Ðeld. For a convenient normalization scale, we observe that the magnetic Ðeld in the nonrotating case is purely radial with magnitude
Using the velocities of equations and we (2), (8), (9), (14), obtain the magnetic Ðeld strength in the rotating case, namely,
For simulations of interacting winds, such as the planetary nebulae, one requires the Ðeld at large radii. Recalling that the magnetic topology follows the streaklines of the wind, shows that the streaklines will wrap around Figure 1 the star, hence a magnetic Ðeld that is initially radial at the stellar surface eventually becomes toroidal at large distances. In this limit the asymptotic Ðeld reduces to
which decreases only as r~1. is valid near the Equation (21) equatorial region, but in the vicinity of the poles, where sin h is small, the asymptotic Ðeld will be B(u \ 0)(dk/dk 0 )~1. Near the poles, so that the magnetic Ðeld dk/dk 0 º 1, strength is reduced relative to the case of no rotation.
Note that the toroidal Ðeld assumed in the models of consists of the equatorial result from Garc• a-Segura (1997b) magnetic rotator theory multiplied by the factor sin to h 0 account for latitudinal variation. However, here we see from the more self-consistent derivation that can be signiÐ-B Õ cantly stronger at the equator than was assumed by Garc• aSegura, owing to the higher densities. Of course, not only is the Ðeld stronger at the equator, but it is also weaker toward the poles. This result may have interesting consequences for the magnetic collimation investigated in MHD simulations. Although we do not pursue the topic of planetary nebulae here, the applicability of a wind compression plus magnetic Ðeld model is considered for the winds of massive stars in the following section.
A CASE STUDY : MASSIVE STAR WINDS
The results of the preceding section for weak magnetic Ðelds in rotating winds are applied to two classes of massive stars : W-R stars and RSG stars.
W olf-Rayet Stars
There is evidence that magnetic Ðelds are important in W-R winds. First, et al. (1986) that a signiÐ-Abbott found cant fraction of OB and W-R stars show nonthermal radio emission. Second, particle acceleration by the Ðrst order Fermi mechanism has been investigated by & White Chen who predict that the W-R stars might be hard X-ray (1991), and c-ray sources.
& Cassinelli have Biermann (1993) argued for the existence of kilogauss surface Ðelds on W-R stars based on the energy spectrum of cosmic ray particles. They suggest that the presence of kilogauss surface Ðelds combined with the ultimate supernova explosion of W-R stars could accelerate cosmic rays up to energies of 3 ] 109 GeV.
A long-standing theoretical problem of the W-R winds has been their large momentum Ñuxes, with performance ratios ranging from a few to about 70 (1995) for explaining the W-R winds. However, to be e †ective the photons must scatter of order g2 D 100 times. The major theoretical difficulty is no longer one of imparting sufficient momentum to the winds but of achieving sufficient opacity coverage for many scatterings to occur ; otherwise, photons will leak out of the wind having scattered only a few times.
The presence of asphericities will modify the momentum/ opacity problem in two ways : (1) the "" apparent momentum ÏÏ of the wind as commonly deduced from observations of a W-R star and (2) the severity of the opacity problem. The apparent momentum Friend, & Cassin-(Poe, elli is the product of the mass loss rate derived from 1989) radio observations times the terminal speed from UV resonance lines. For a two-component wind with a fast polar Ñow and a slower dense equatorial Ñow, the radio Ñux comes primarily from the equatorial region, while the absorption in the P Cygni line proÐles is formed along linesof-sight through the fast wind at higher latitudes of the star. If, by reinterpretation of the observations, the true momentum of W-R winds is reduced, so will the need for large opacities. On the other hand, asphericities might exacerbate the opacity problem by providing geometrical avenues of photon leakage.
One-dimensional magnetic rotator models for the equatorial Ñow have been investigated for the W-R winds by Poe et al.
However, only at rapid rotations of nearly 90% (1989). critical could magnetic forces signiÐcantly enhance the equatorial mass loss to produce the large performance factors that are observed. In contrast, the WCZ models of were found to produce signiÐcant deviations from ICB spherical for the W-R-type winds at much smaller rotation rates of about 20% critical. At these low stellar rotations, the magnetic rotator mechanism is not expected to appreciably increase the equatorial mass loss.
Using the W-R star parameters listed in for a Table 2  WN5 type star, Figures  and show the e †ects of wind 2a 2b compression on the magnetic Ðeld along a sequence of streamlines as a function of radius. Shown are ten streamlines that originate at 10¡ intervals on the star between the pole and equator. The Ðeld strength is normalized to what would be present in the absence of rotation. Note that for the weak limit to apply in our model, requires equation (13) Table 2 v rot /v crit D 0.2. The upper and lower panels of are for u \ 0.5 Figure 2 and 0.9 of the disk threshold, for which
In both u D \ 0.29. cases a velocity law with b \ 2 is used. The major result is that a rotationally induced wind compression can cause an order of magnitude enhancement of the magnetic Ðeld at the equator for a stellar rotation of about 25% critical. Note that for the faster rotating case, the increase of the equatorial Ðeld is accompanied by a similar enhancement (factor of 20) of the wind density at the equator.
The magnetic Ðeld along all of the streamlines appears to quickly obtain asymptotic values within about one stellar radius. Note the presence of "" kinks ÏÏ along midlatitude streamlines where the Ðeld strength increases sharply, peaks, and then falls o † toward asymptotic values. The sharpness of the kinks appears milder for the slower rotating model than for the faster one. An explanation of these kink features will be discussed shortly in relation to the RSG wind models.
Whereas the previous Ðgure shows the two-dimensional variation of the total magnetic Ðeld strength throughout the W-R wind, shows the Ðeld in its individual vector Figure 3 components. The plot is logarithmic with each Ðeld component normalized to
The distribution is plotted versus B * . to more easily see the rapid evolution of the log (r/R * [ 1) magnetic Ðeld structure throughout the inner wind. Note that the component peaks at midlatitudes, so the lines B h showing the radial distribution of cross one another. B h Two types of lines are shown : solid for the Ðeld distribution along streamlines from latitudes 10¡È50¡ and dashed for those originating at latitudes 60¡È80¡. At both the pole and equator, and thus are not shown in the logarithmic B h \ 0 plot. To more clearly illustrate the latitudinal dependence of an inset graph shows versus stellar latitude B h , r3B h /R * 3 B * as computed for the largest radius of our wind model, at Unlike the latitudinal Ðeld component, the toroir B 10R * . dal Ðeld increases steadily from zero at the pole toward midlatitudes followed by rapid growth in the vicinity of the equator to maximum value at h 0 \ 90¡.
Red Supergiant Stars
The e †ects of wind compression for magnetized winds of RSG stars have also been calculated. The RSG stars are of interest because stellar evolution theory predicts that some massive stars will evolve through a RSG phase before becoming a blue supergiant (BSG). In particular, the progenitor of SN 1987a that exploded as a BSG is thought to have been a single star that followed such an evolutionary track et al. (1996) , producing the ring structures. In both of these papers, it is a toroidal magnetic Ðeld in the axisymmetric wind of a rotating RSG star that provides the mechanism for creating the asymmetry observed in the SN ejecta. The wc results with magnetic Ðelds, therefore, have relevance for interpreting the observations of the SN 1987a rings and deducing the FIG. 2 .ÈE †ects of the wind compression on the magnetic Ðeld in a W-R wind. A velocity law with b \ 2 is assumed. The two panels show the magnetic Ðeld strength along streamlines that originate at 10¡ intervals at the star : (a) a relatively slow rotation speed of only 50% of the disk formation threshold ; (b) a more rapid rotation of 90% of disk threshold. Note that the Ðeld strength is normalized to the case of no rotation. The wind compression can result in nearly an order of magnitude increase of the equatorial magnetic Ðeld within just a few stellar radii at relatively low rotation rates of only 26% break-up. The increase of the equatorial magnetic Ðeld strength is accompanied by a similar order of magnitude enhancement of the equatorial density.
surface magnetic Ðeld strengths of the progenitor star while in its RSG phase. (Of related interest are the less explosive but similar models being considered for planetary nebulae, as noted previously.)
Parameters used for the RSG models are listed in Table 2 and were chosen to represent those expected of the SN 1987a progenitor during its RSG phase. For these parameters the weak Ðeld assumption requires that the surface magnetic Ðeld be G, assuming The
1. results of the calculations for the magnetic Ðeld distribution in the RSG wind are shown in Figures  and  again  4a 4b, using a b \ 2 radial velocity law. The threshold rotation speed of disk formation is
The format of these u D \ 0.14. Ðgures is the same as for the W-R star case. Similarly, plots of the individual Ðeld components are given in Figure 5 , again in the same format as the W-R case shown in Figure 3 .
The radial and latitudinal distributions of the magnetic Ðeld strength for the RSG star di †er signiÐcantly from that of the W-R wind. Note especially the lack of kinks and the failure of the Ðeld strength to obtain constant asymptotic values at the greatest radii shown (except at the pole), which occurs in the W-R models of Figures and The lati2a 2b. tudinal and toroidal Ðeld components also peak somewhat farther out in the RSG wind, at about in contrast to 1.3R * for the W-R case. At is roughly an order 1.1R * r B 10R * , B h of magnitude greater in the RSG case compared to the W-R value. The di †erences between the W-R and RSG model results can be explained as follows.
Recall that Figures and are plots of the ratio B/ 2 4 B(u\0) of the magnetic Ðeld strength in a rotating equatorially compressed wind to that of a spherical nonrotating wind. At large radius the magnetic Ðeld in the equatorial region becomes primarily toroidal, which decreases with radius as But, the radial magnetic Ðeld decreases B Õ D r~1. more rapidly as r~2. Consequently, the ratio of the magnetic Ðeld strength from the wc models to that of the nonrotating case will increase linearly with radius as B Õ /B r D r~1/r~2 \ r for distances that are far from the star. More rigorously, this asymptotic behavior is understood from the discussion of which is the exact expression for equation (20), the two-dimensional Ðeld distribution. Note that the wind compression factor in that expression is a smooth function along the streamline that quickly obtains constant values, so it contributes neither to the kink observed in the W-R models nor to the continual rise of Ðeld strengths observed in the RSG models.
We make three observations concerning equation ( 1. We have explored the occurrence of the kink in the W-R wind models numerically. It arises from the fact that starts at the typically large value of and v rot /v r v rot /v s decreases to a much smaller value of with increasing v rot /v = radius. DeÐning sin sin we see that % \ R * h 0 /r [ r h/R * , % \ 0 at the stellar surface but increases in magnitude with increasing radius. Consequently, the kink may or may not occur depending on the product of and %. At conv rot /v r stant values of the wind structures are roughly the u/u D , same for both the W-R and RSG wind models (a result discussed in and therefore the distribution of % for the ICB), two types of stars must also be similar. At Ðxed values of it is the di †erent ratios of for the two stars that u/u D , v rot /v r accounts for the appearance of the kinks in the W-R case but not in the RSG case. In the W-R case, the kink is present because varies from about 10 at to only 0.1 v rot /v r R * at large radii, whereas is more nearly constant in the v rot /v r case of the RSG star. Therefore, the kink does not appear.
2. Exactly at the pole, and the ratio of B/ h 0 \ h \ 0, B(u \ 0) is just the inverse of true in both the RSG dk/dk 0 , and W-R models. The wind compression factor at the pole is equal to unity at the stellar surface and increases with radius, hence the polar magnetic Ðeld in the rotating case is reduced relative to that for a nonrotating spherical wind, yet decreases asymptotically as r~2.
3. At large radius reduces to equation (20) equation (21) with B/B(u \ 0) D r. The reason that this limit is observed FIG. 4 .ÈE †ects of the wind compression on the magnetic Ðeld in a RSG wind. This Ðgure is similar to for the W-R case. However, in detail, the Fig. 2 radial and latitudinal distribution of the Ðeld strength shows marked di †erences between the RSG and W-R cases (explained in text). For the RSG star, the wind compression provides nearly an order of magnitude enhancement of the equatorial Ðeld strength within just a few stellar radii at a relatively low rotation rate of just 13% break-up. in the RSG models and not the W-R models is that is v rot /v = of order unity for the RSG star but only one-tenth for the W-R star. As a result, the RSG models obtain asymptotic tendencies at much smaller radii than in the W-R case. The W-R models do eventually show a linearly increasing trend with radius, but has not been plotted to sufficiently Figure 2 large radius to reveal it.
SUMMARY AND DISCUSSION
Assuming weak magnetic Ðelds and the frozen-in condition, we have explored how wc e †ects may enhance the magnetic Ðeld in a stellar wind at regions near the equator. In this approximation the magnetic Ðeld strength is found to be B P oV, where V is the wind velocity in the rotating frame of reference Thus in a WCZ model, the (Mestel 1968) . Ðeld at the equator can increase by as much as an order of magnitude for fairly small stellar rotation rates of only 10% to 20% break-up (i.e., assuming a b \ 2 velocity law).
The magnetic wc model was applied to the winds of massive stars, Ðrst for a W-R star and then for a RSG star. In the W-R case, the enhanced equatorial magnetic Ðeld has relevance for explaining nonthermal emissions observed among some of these objects at the radio and X-ray wavelengths et al. (Abbott 1986 ; White 1985 ; Leitherer, Chapman, & Koribalski In addition, 1997 ; Pollock 1987) . radio measurements of radio supernovae provide indirect suggestions of strong magnetic Ðelds in the previous W-R phase & Cassinelli (Biermann 1993) . In applying magnetic wind models to W-R stars, the works of and & Cassinelli White (1985) Biermann (1993) hinge on the toroidal magnetic Ðeld at the equator being the dominant component at large radius. In that context the advantage to be gained from the WCField model is that B Õ at is to be replaced by where the wind r ? R * B Õ (dk/dk 0 )~1, compression leads to an ampliÐed Ðeld strength at the equator, since at low latitudes. The major condk/dk 0 ¹ 1 sequence is that the surface magnetic Ðeld necessary to explain the observations as predicted in these previous works is reduced by typical factors of 2È4, resulting in subkilogauss values, assuming mild wind compressions like the examples of
In that section we also estimated that the°3.1. surface Ðeld strength for our weak Ðeld approximation to remain valid should be much less than about 30,000 G for W-R winds, and the inferred sub-kilogauss values fall comfortably below that limit.
In the RSG star case, WCField models were presented with stellar parameters that are representative of the RSG phase of the SN 1987a progenitor. The presence of a magnetic Ðeld may be important for understanding the observed triple ring system. Although we neglect the magnetic Ðeld for producing an equatorially enhanced density, it can still have a role in shaping the shocked interface between the inner fast BSG wind and the outer dense RSG wind (e.g., & Luo To explain Chevalier 1994 ; Garc• a-Segura 1997b may also be found to explain the two rings (1996), located above and below the equator. For RSG stars with surface Ðelds that do satisfy our weak limit, the WCField results will still have application. The formation of axisymmetric planetary nebulae is one such example.
It is a tremendous challenge to observationally test whether the WCField model is realized in stellar winds, because the Zeeman e †ect is not especially useful for directly measuring low magnetic Ðelds in the sub-kilogauss regime that is predicted by the model (although see Carter et al.
who use a method of coadded spectra). The 1996, reason is twofold. First, the Zeeman e †ect produces a splitting of the two circularly polarized components that can be used to infer the magnetic Ðeld strength in the line formation region from the broadening of the line, a technique common to solar magnetograms. However, in the case of stars with winds, the Zeeman splitting is much smaller than the wind broadening of the line, making such measurements difficult. Second, the magnetic properties of the wind could also be inferred from observations of the circular polarization. The problem here is that the polarization induced by the magnetic Ðeld will likely su †er from (1) geometric cancellation e †ects owing to the fact that the observed polarization arises from a volume integral over the emitting region and (2) polarimetric cancellation from the incoherent superposition of the polarized Zeeman components owing to the overlap that results from the wind broadening. Both of these e †ects lead to small expected net polarizations, again making practical observations of magnetic Ðelds formidable.
So the Zeeman e †ect will only be useful for rather large Ðeld strengths if present in low mass loss, low terminal speed winds (e.g., B and A stars). However, the much weaker magnetic Ðelds, perhaps in the 1È100 G range, appear to have interesting e †ects for producing nonthermal radio emissions and shaping wind bubbles. What is needed, therefore, is a new magnetic diagnostic that is both direct and sensitive to weak Ðelds.
Nordsieck, & Cassinelli Ignace, have investigated a magnetic diagnostic that employs (1997) the Hanle e †ect. This diagnostic uses polarization arising from resonance line scattering to probe the magnetic Ðelds in circumstellar envelopes. The Hanle e †ect is sensitive to Ðelds in the sub-kilogauss regime as needed, and a technique that uses multiline polarimetric observations to determine the stellar magnetic properties appears promising. Observations to be obtained by the Far-Ultraviolet Spectro-Polarimeter (FUSP) of several hot stars that are thought to have rotationally compressed winds would provide an important test of the magnetic wind model presented here.
